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ABSTRACT 
 
A rigorous nonlinear finite element methodology for hull girder progressive collapse analysis is proposed. 
The method is developed for use with ABAQUS CAE and is automated to allow fast and robust construction 
of the element mesh. Accurate representations of geometric and material imperfections are of critical 
importance and are controlled rigorously, allowing the analyst to generate a realistic mesh relatively 
quickly and have improved confidence in the solution. The methodology is applied to a case study hull 
girder model and its applicability in the ship design process is discussed. 
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INTRODUCTION 
 
The nonlinear finite element method (NLFEM) is a capable approach for predicting hull girder progressive collapse under 
primary longitudinal bending moment. The continued advancements in desktop computing power means that large scale 
meshes of several hundred thousand elements are feasible for analysis during a routine design process. This is of particular 
benefit to the design of craft where limit state design principles are employed, which requires explicit determination of the 
ultimate strength.   
 
However, a robust NLFEM analysis requires the initial properties of the model (including the mesh, material properties, 
boundary conditions and other parameters) to adequately represent those features of the structure which can significantly 
influence the overall strength. Progressive collapse of a ship hull in pure bending involves highly nonlinear buckling and 
collapse behaviour in the compressed portion of the cross section. Modelling this failure mechanism adequately in NLFEM 
requires a detailed mesh and an adequate representation of the geometric distortions, residual stresses and elasto-plastic 
material properties. Furthermore, the choice of model length to represent the longitudinal structure must be sufficient to allow 
for all potential collapse modes, which sometimes may involve compartment level effects such as gross panel buckling over 
multiple frame spaces.  
 
The significant influence of geometric and material nonlinearities means that robust pre-processing of a hull girder finite 
element model is essential to ensure adequate reliability of the solution. In this context, a robust and semi-automated finite 
element modelling approach is proposed in this paper. The approach has been developed to significantly reduce the pre-
processing time for modelling a complex ship cross section whilst retaining a high degree of control over the geometric 
imperfections, residual stresses and material properties of the structure. A simple data file is used to model the hull girder and 
control the geometric imperfections, which means a complex structure can be developed easily within the finite element pre-
processor software. The process has been developed into an application working alongside ABAQUS CAE (Hibbitt, Karlsson 
et al.) but is also readily adaptable to other finite element software packages.  
 
This paper first presents the background to the research and a brief literature review of existing finite element approaches 
used for hull girder analysis. This provides the motivation to develop a rigorous and repeatable NLFEM methodology for hull 
girder progressive collapse analysis. The methodology is then described. Firstly, an overview of the overall strategy used to 
develop the methodology is discussed. This introduces the concepts behind the automation techniques for the model build 
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process. Secondly, the approaches used to include the geometric imperfections and residual stresses in the structural model 
are presented, including the mathematical basis for describing the imperfection shapes, imperfection amplitudes, stress zones 
and material properties. Thirdly, the modelling methodology is detailed. This brings together the imperfection theory and the 
overall strategy to provide a robust practical approach to building the NLFEM model. Finally, a case study hull girder 
analysis is presented.  
 
 
BACKGROUND 
 
A critical strength criterion for a ship is the ability to withstand combinations of primary longitudinal bending moment. 
Primary hull girder bending loads are resisted by the continuous longitudinal structure running through the main body of a 
ship, which normally comprises the plating and longitudinal stiffeners making up the side shell and decks of the hull, which 
together form the longitudinal hull girder.  Overall bending imparts in-plane forces on the girder whilst the structure may also 
be subjected to transverse in-plane loads and local bending arising from pressure loads. 
 
The prediction of the ultimate strength of a hull girder is an integral part of limit state design methods. Ultimate limit state 
design is a philosophy in which the “capacity” (ultimate strength) of a structure is evaluated directly and compared to the 
“demand” (load) applied to the structure (Paik and Thayamballi 2003). Partial safety factors are employed to account for 
uncertainties in both the capacity and demand. Unlike allowable stress design, the limit state method is based on explicit 
quantification of the ultimate strength of the structure under specific conditions – thus the structure needs to be evaluated up 
to and beyond failure. 
 
An advantage of limit state design, as applied to a ship, is to ensure adequate performance of the primary structure whilst 
minimising the lightship mass, thus increasing the payload capacity and also keeping material costs to a minimum. Usually a 
ship structure designed using limit states is assessed to the ultimate limit state criteria; that is the strength of the hull girder is 
compared to the expected maximum global loading throughout the intended service life. Damage limit states may also be 
assessed, for example by considering the residual strength of the structure after a collision or grounding accident. The 
classification of damage can also include corrosion, fatigue cracks and other in service phenomenon, which may also be 
important to consider. Fatigue is sometimes classed separately as a fatigue limit state. Service limit states also need to be 
considered, for example to check that the out of plane deformations of a load bearing cargo deck are within tolerable limits.  
  
As part of a limit state design process, accurate numerical tools are required to predict the strength of the hull girder and to 
assess the forces at which service, damage and ultimate limits are reached. These tools are also used to assess the strength of 
a structure after entering service, with specific considerations of damage or age related effects. A number of ultimate strength 
analysis methods continue to be developed. They range in complexity from simple empirical formulae assessing the strength 
of individual structural elements to fully nonlinear analyses of the entire midship region of a hull girder.  
 
A well-established approach used in ship structural design is the Smith progressive collapse method (Smith 1977). This 
extended the stress distribution method proposed by Caldwell (1965) into an incremental approach capable of plotting the 
bending moment curvature response of a hull girder under a given ratio of vertical and horizontal bending moments. Several 
calculations using different combinations of load can be used to produce an interaction diagram which describes the 
relationship between maximum horizontal and vertical bending moments.  
 
The conventional progressive collapse method assumes the hull girder is equivalent to a beam under pure bending moment. 
Furthermore, the conventional method assumes interframe buckling in the compressed portion of the cross section. An 
extension to the conventional progressive collapse methodology, including the effects of overall buckling over an entire 
compartment space, has been developed by the authors (Benson, Downes et al. 2011). This methodology has particular 
application to lightweight and novel hull forms, where buckling modes over several frame spaces are more likely due to the 
relative slenderness of the frames. The approach has been applied successfully to several box girders constructed from steel 
and aluminium. The method has demonstrated the significant reduction in ultimate strength due to the influence of 
compartment level buckling modes.  
 
NLFEM is also a viable option for hull girder ultimate strength assessment. A general purpose finite element package with 
shell element capabilities can be used to model a range of structural components including unstiffened plates, stiffened panels 
and entire ship hull sections. The flexibility of the analysis procedure means that hull girders can be analysed at the 
interframe or compartment level, thus enabling all relevant buckling modes to be considered. For this reason NLFEM has 
been used as the main validation tool during the development of the extended progressive collapse method.  
 
   
However, from a design perspective, NLFEM introduces a high level of complexity into the analysis process. The method 
requires detailed knowledge of the geometric and material imperfections in the structure whilst in service, which are not 
normally well understood even at the final design stage. Furthermore, from an analysis perspective, NLFEM requires 
considerable computer time both in setting up and solving the discrete model. Elements must be sized sufficiently small to 
represent the local structure including stiffeners and plating adequately. The element mesh for an entire hull girder is 
therefore large.   
 
 
LITERATURE REVIEW 
 
There are many approaches taken by previous studies to build a finite element model of a hull cross section or stiffened panel 
in a suitable format for nonlinear analysis. However it is difficult to compare most methodologies directly as, although there 
is a large number of papers detailing the results from finite element analysis of ship structures, detailed descriptions of 
NLFEM modelling approaches used in published studies are scarce. Therefore this section summarises some example 
modelling methods by highlighting a few recent key papers. The review serves as justification for the rigorous methodology 
described in this paper.  
 
Several key papers which detail the NLFEM modelling approach and are specific to marine structures are included in the 
literature review. Firstly, two recent ISSC reports, which have run benchmark NLFEM studies of steel and aluminium panels, 
are summarised. The extents and modelling techniques of the benchmark models are interesting to compare as they provide a 
good snapshot of current practice. Several papers detailing global nonlinear NLFEM analysis of hull girder progressive 
collapse are then discussed.  
 
Before the advent of highly developed “off the shelf” software, numerical research work investigating stiffened panel and 
hull girder strength required house programs often written for a specific purpose. More recently, the availability of general 
purpose commercial finite element software packages (e.g. ABAQUS, ANSYS, NASTRAN) has removed much of the need 
to develop special purpose codes. A key advantage of using such software is that they can be adapted to model many 
different problem types using the same core principles. However, the use of modern codes also brings new problems for the 
analyst, particularly when considering nonlinear structural behaviour. Using a nonlinear solver to reliably predict panel 
collapse or ultimate hull girder strength is a difficult undertaking. In particular, informed decisions concerning the 
imperfection characteristics of the panel must be incorporated to adequately represent the model. Furthermore, the choice of 
solver and refinement of the solver parameters can have a large bearing on the successful completion of the analysis.  
 
ISSC2003 benchmarks an aluminium panel. All the studies use a 3 bay model, as shown in Figure 1.  Details on the NLFEM 
model and results from the benchmark study are published in the ISSC report (Mansour and Ertekin 2003) and other papers 
(Khedmati, Bayatfar et al. 2010). Imperfection is modelled by applying a lateral pressure to the panel and running a 
preliminary linear analysis, which causes a hungry horse imperfection pattern. Although relatively easy to implement, this 
method of introducing imperfection is not considered ideal because it introduces additional artificial loads to the structure. 
This approach is further critiqued in following sections of this paper.  
 
 
Figure 1: ISSC 2003 benchmark model (Mansour and Ertekin 2003) 
 
 
ISSC 2009 benchmarks a steel panel using a ½ + ½ bay model as shown in Figure 2 (Jang and Hong 2009). Various 
commercial codes are used to compare many aspects of the modelling approach. Imperfection is modelled using Fourier 
series trigonometric transformations. The method used to apply the imperfections to the numerical model is not detailed, and 
  
may have differed between participants in the benchmark, but it can be assumed that nodal translation methods were 
employed. This is considered a more rigorous method to introduce imperfection into a structure, allowing close control of the 
shape by the analyst, and is the method adopted in this paper as part of the automated modelling approach.  
 
 
Figure 2: ISSC 2009 benchmark model (Jang and Hong 2009)  
Amlashi and Moan (2008; 2009) carried out large scale NLFEM modelling of a bulk carrier under an alternate hold loading 
condition creating a hogging bending moment. The study provides various details of the finite element model and is a highly 
useful article for comparing with the approach developed here. ABAQUS is used for the NLFEM analysis. A ½ + 1 + ½ hold 
model extent were chosen to ensure the boundary conditions allow the global bending moment and local loading to correctly 
transmit through the hull girder. Because the girder is only analysed under vertical bending moment a half model is used with 
a plane of symmetry specified at the centre-plane. 
The large size of the model means that mesh size is critical to ensure acceptable computation time. Therefore the model is 
split into two regions: nonlinear and linear. The nonlinear section, in the bottom structure of the central hold, is modelled 
with geometric imperfections and a fine mesh. The linear region uses a coarse mesh and geometric imperfections are not 
included.  
Imperfection is applied to the model using an enhanced Eigenmode extraction method. The nonlinear region of the model is 
sub structured into plate stiffener combinations. Each sub structure is analysed using the linear Eigenbuckling solver to 
generate an imperfection pattern, following the ABAQUS manual procedure. To ensure specific imperfection modes are 
captured a special technique is employed, whereby geometric properties are artificially changed to induce specific 
Eigenmodes in the structure.  
Amlashi and Moan (2009) note that the node translation method is cumbersome when applied to a full hull girder model. 
However, other studies have shown that the direct translation of nodes is possible. For example, recently published work 
(Kippenes, Notaro et al. 2010) models imperfection using node translation throughout a bulk carrier model. Both local 
deflections of the plate and stiffeners and global imperfection of stiffened panels are modelled. The resulting analyses show 
that the imperfections have only a small effect in reducing the predicted ultimate strength of the girder. This may be due to 
the nature of the structure (a heavy framed bulk carrier) and because the ship is only analysed in sagging, where the use of 
pressure loads on the bottom plating of the hull effectively introduces an imperfection shape. 
In summary, this brief review of existing methods to NLFEM modelling demonstrates that pre-processing techniques used to 
set up the analysis model are varied. There is a lack of established procedures available in open literature which acts 
specifically as guidance to analysts and design engineers. Furthermore, the review also highlights the importance of 
introducing geometric imperfections into the structure. This is of crucial importance to a hull girder progressive collapse 
analysis as the imperfection shape and magnitude significantly affect the solution.  
NLFEM MODELLING STRATEGY 
The modelling strategy was conceived for use with ABAQUS CAE, which is a fully nonlinear finite element solver with 
good capabilities for hull girder progressive collapse analyses. The approach has been tested with ABAQUS 6.9 running on a 
Microsoft Windows 7 OS. The method is implemented as several “external” programs which accesses ABAQUS via the 
command line. Certain actions (including the actual generation of the mesh and definition of boundary conditions) are carried 
out interactively within ABAQUS CAE.  
  
ABAQUS CAE can be used directly to model stiffened panel structures typical of a ship. A stiffened panel should usually be 
considered thin walled and therefore shell element meshes are normally appropriate. Four node quadrilateral shell elements 
are usually of sufficient accuracy with 5 or more section points through the thickness. Each element within a mesh is 
assigned a thickness, material properties (including plasticity) and boundary conditions where appropriate. ABAQUS CAE 
includes various meshing algorithms which are usually invoked on a pre-defined model geometry. This is a 3D definition of 
the model extents which can either be constructed within ABAQUS CAE using normal CAD drawing techniques or imported 
from an external program.  
The fundamental premise of the automated modelling approach proposed in this paper is that the longitudinal geometry of a 
hull girder compartment is defined as an assembly of simple plate and stiffener components. These plates and stiffeners are 
first dimensioned separately and are then assembled together using Cartesian coordinate translation to form the complete 
geometry. This means that a structure of arbitrary size can be built from predefined basic components, as shown 
diagrammatically in Figure 3, assuming that even a relatively complex geometry can still be subdivided into relatively simple 
plates and stiffeners.  
 
Figure 3: Graphical representation of the building block approach 
Similar approaches to defining a hull cross section can be found in established ship design software. For example, 
HECSALV (Herbert Engineering 2008) has a Section Modulus Editor in which a hull cross section is sub-divided into 
component plates and stiffeners. However, when using a general purpose finite element package, the component modelling 
approach is less straightforward. Instead, the simplest way to define a model is to “draw” the geometry as a single entity, 
often by taking an existing CAD drawing or 3D model and simply importing it into the NLFEM pre-processor. Although this 
gives a straightforward definition of the geometry, the subsequent model is difficult to manipulate when geometric and 
material imperfections also need to be included.  
Therefore, the modelling strategy developed here treats each plate and stiffener as a separate basic building block. Each 
component is first dimensioned as a separate part within the NLFEM software, and assigned individual geometric and 
material properties such as initial imperfections and residual stress. This approach is impractical for manual implementation 
so an automated procedure was developed. The geometry is defined using a simple data file containing all the relevant 
information of each component. This data file is used within ABAQUS to define an assembly of plates and stiffeners, which 
are then combined together to form the complete geometry using Cartesian translation and rotation. Once arranged the 
components are merged into a single geometric model. The merged model is meshed as a single entity, but the individual 
properties of each component are kept. This allows control of geometric imperfection of each component in the complete 
model, using the direct node translation method as discussed in detail in the next Section.  
   
IMPERFECTION THEORY 
 
The theoretical basis for applying geometric and material imperfections to a NLFEM model is now discussed.  
 
 
Geometric Imperfections - Parameters 
 
The compressive buckling strength capabilities of thin plated panels are significantly influenced by the presence of as-built 
geometric imperfections including out of flatness, eccentricity and localised indentations (Dow and Smith 1984). The 
introduction of representative geometric imperfections into a NLFEM mesh is essential for generating a reliable solution. 
Both the geometric imperfection shape and amplitude have a significant influence on the strength of each component and 
therefore also influences the ultimate strength of the global system.  
 
Idealised imperfection patterns are a necessity in nonlinear finite element analysis assessing the strength and stability of 
stiffened panels because the governing equilibrium equations require an initial geometric nonlinearity to allow progressive 
buckling and collapse to occur. However, it is well recognised that the magnitude and spatial variation of geometric 
imperfections in real structures is also subject to significant uncertainty. Therefore statistical approaches are usually coupled 
to mathematical descriptions of imperfection shape and magnitude to provide an idealised yet realistic pattern suitable for 
implementation in the NLFEM mesh. 
 
Imperfection amplitude is defined as the distance of any point in the structure from its ideal “perfectly flat” position. In finite 
element analysis this equates to a particular translation of each node in the mesh normal to the element plane. Unless a 
specific panel is being analysed and the exact imperfection pattern is known through detailed measurement of the structure, 
the geometric imperfection is usually idealised using simplified formulae.  
 
Imperfection patterns using trigonometric functions require a definition of the maximum amplitude over the span in question. 
The maximum imperfection of a stiffened panel is commonly split into three components: the plate out of plane imperfection 
(wopl), the stiffener out of plane sideways imperfection (vos) and the stiffener vertical in-plane column imperfection (woc). The 
latter is a global imperfection and affects the position of every node in the panel whilst the first two are localised 
imperfections affecting individual plates and stiffeners separately. The maximum amplitudes are used as scale factors in the 
definition of the imperfection magnitude at any point in the panel.  
 
 
Plate Imperfection 
 
The plate imperfection is a local imperfection mode quantifying the deviation of the plate from flat in relation to its support 
structure. A magnified example is shown in Figure 4.  The imperfection over the entire plate surface can be modelled using a 
geometric shape function. Normally a two direction Fourier half-sine wave function is used, with multiple modes along the 
plate length and a single sine wave across the plate breadth. The maximum amplitude is wopl.  
 
 
Figure 4: Typical plate imperfection 
 
 
 
 
  
Stiffener Imperfection 
The side imperfection of the stiffener, vos, is a measure of the eccentricity of the otherwise straight stiffener from vertical. 
The direction of the eccentricity can be arbitrary and can be treated as a local imperfection mode (Figure 5). The side 
imperfection can be assumed uniform over the stiffener length.  Alternatively, and more commonly, the side imperfection is 
described as a function of the stiffener length between transverse frame with zero magnitude at the frame, thus assuming the 
stiffener remains exactly upright at the connection to the transverse frame structure. The imperfection magnitude along the 
stiffener length is thus described using a geometric shape function, usually by a Fourier series sine wave distribution.  
 
Figure 5: Stiffener side imperfection 
A second local stiffener imperfection mode is the out of flatness of the stiffener web, wow. This can be modelled using the 
same approach as applied to the plates with a multi-mode Fourier sine wave shape over the stiffener length as shown in 
Figure 6.  
 
Figure 6: Stiffener web imperfection 
Column Imperfection 
The vertical column imperfection is a measure of the out of flatness of an entire stiffened panel. The definition of a single 
panel within a hull girder depends on the specific type of structural arrangement. Often a panel is assumed to span between 
adjacent transverse frames in the longitudinal direction and deep longitudinal supports in the transverse direction. For 
example, a panel may be a single deck of the girder. For a typical deck structure the longitudinal supports might be assumed 
to be either the side shell of the vessel or intermediately spaced deep longitudinal girders. A deck is relatively easy to 
discretise into panels. However, a panel in other areas of the ship may encompass less conventional structural arrangements. 
For example, panels in the side shell may be curved and may include irregularly spaced stiffeners.  
Column imperfection is applied to all plates and stiffeners within a particular panel. As such the column imperfection is 
superimposed on top of the local imperfection modes presented previously. A transverse cross section through a panel is 
given in Figure 7, showing the combination of panel and local plate/stiffener imperfections.  
 
 
Figure 7: Stiffener column deflection 
Longitudinally, the column imperfection is usually idealised as a single half sine wave between frames, the direction of 
which can either be towards the stiffener or towards the plating. Two continuity patterns can be used between adjacent frame 
bays, either an asymmetric condition where the column imperfection direction alternates (Figure 8a), or a symmetric 
condition as shown in Figure 8b.  
   
A symmetric column deflection is equivalent to a clamped boundary condition at the frame intersection, and may be assumed 
to be appropriate for a panel which supports significant lateral pressure from the plate side, such as hydrostatic or deck loads.  
However, typical imperfection patterns of British warships measured amongst others by Faulkner (Faulkner 1975) showed a 
tendency for an asymmetric type column imperfection pattern, but with different magnitudes of maximum imperfection in 
each direction (Smith, Anderson et al. 1991). Ratios are given by Smith et al. to describe the relative magnitudes of column 
imperfection in an asymmetrically imperfect panel.  
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Figure 8: Stiffener column deflection 
 
 
Imperfection Amplitude 
 
Extensive measurements of imperfection components have been carried out for steel structures (Faulkner 1975) and more 
recently for marine grade aluminium panels (Paik, Thayamballi et al. 2008). A summary of formulas to describe slight, 
average and severe levels of imperfection as given by Smith (Smith, Anderson et al. 1991) for steel panels and Paik (Paik, 
Thayamballi et al. 2008) for aluminium panels is presented in Table 1. There are only marginal differences shown between 
the statistics for steel and aluminium plate, although these must be viewed in light of the fact that the statistics rely on the 
type of ship, welding methods and many other factors used in the measurement sample. For example, the aluminium data 
shown in Table 1 is derived from a sample of panels constructed at the same time and in the same fabrication yard.  
 
Table 1: Formulae to describe fabrication induced initial imperfections in a stiffened panel structure. 
 
 Smith (1991) – Steel Panels Paik (2008) – Aluminium Panels 
Slight Average Severe Slight Average Severe 
oplw
 
t025.0 2b
 
t1.0 2b
 
t3.0 2b
 
t2018.0 b
 
t2096.0 b
 
t2252.0 b
 
 woc   (l= 0.2) 
        (l =0.4) 
        (l >= 0.6) 
a00025.0  
a0008.0  
a0012.0  
a0015.0  
a0020.0  
a0038.0  
a0046.0  
a0016.0  a0018.0  a0056.0  
osv  
- - - a00019.0  a001.0  a0024.0  
 
 
 
   
Geometric Imperfections – Application 
 
Once the geometric imperfection parameters have been quantified an appropriate idealised pattern needs to be implemented 
in the finite element mesh. The implementation method should be appropriate to efficiently superimpose the desired 
imperfection shape onto the initially “perfect” structure. Two commonly employed methods are reviewed in this paper: linear 
superposition of buckling Eigenmodes or direct translation of nodes using trigonometric functions. The following sections 
discuss the relative merits and drawbacks of these two methods, which essentially do the same thing (translate nodes to a 
deformed shape prior to nonlinear analysis) but differ in the input technique and the level of control the user has in selecting 
imperfection shapes. The node translation approach is proposed as most suitable for implementation in the automated finite 
element method.   
 
 
Eigenmode Superposition Method 
 
A recommended procedure in finite element buckling analysis of many types of structure is the Eigenmode imperfection 
approach. This involves first running an Eigenvalue analysis on the “perfect” structure to output critical buckling mode 
shapes, which are then implemented as node translations prior to applying a nonlinear incremental analysis (Hibbitt, Karlsson 
et al.). In ABAQUS the modal results of the Eigenvalue analysis can be passed to the input file of a nonlinear analysis on the 
same mesh, using appropriate scaling factors to provide an imperfection pattern superimposed onto the original node 
coordinates.  
 
Eigenvalue buckling analysis is an extended form of the classical Euler buckling procedure. It predicts the theoretical 
buckling strength of an ideal elastic structure together with the corresponding buckled mode shape of the geometry. 
Therefore, in isolation, it is only of limited use in assessing the stability of a section because the analysis uses linear elastic 
theory. However, the analysis is useful in predicting the critical buckling mode shapes of the panel.  
 
Thus one of the primary advantages of using the Eigenmodes as inputs in the nonlinear analysis is that the critical buckling 
mode shapes are used to form the imperfection, thus providing what is likely to be a conservative buckling pattern as the 
panel deforms under load. A number of primary and higher order buckling shapes can be combined to form the overall 
imperfection pattern. This means that the influence of each included mode is accounted for in the nonlinear analysis.. 
 
A set of example Eigenmode plots are given in Figure 9 for subsets of a flat bar stiffened panel.   
 
 
Figure 9: Example Eigenmode shapes for a 1000mm x 300mm x 10mm plate with 100x10 flat bar stiffener 
 
A potential disadvantage of Eigenmode superposition is the lack of control the analyst has in describing the imperfection 
pattern of the structure. However, this is usually not an issue for simple plates, where the first few Eigenmodes, such as for 
the plate example given in Figure 9, will give a comprehensive imperfection pattern suitable for superposition in a nonlinear 
analysis. Eigenmode superposition is also possible for simple stiffened panel models such as the plate stiffener combination 
(PSC) and single bay panel illustrated in Figure 9.  
 
However, the stiffened panel Eigenmodes are less consistent than those for the unstiffened plates. For example, the 3rd 
Eigenmode of the stiffened panel in Figure 9 has an irregular combination of buckling modes: a global imperfection mode 
across the panel width and local plate imperfection modes in the end plates. This is an example of why care must be taken to 
   
review each Eigenmode before using as an imperfection superposition – it cannot be assumed that the first few Eigenmodes 
will provide suitable imperfection patterns. This is a cumbersome task, and not one well suited to a complex geometry. 
 
This factor is particularly significant if the analyst wishes to create a realistic imperfection pattern based on actual distortion 
measurements or using statistical information about the nature of the imperfection pattern. Furthermore, the Eigenmodes 
usually combine plate and stiffener distortion in each imperfection pattern. This raises a potential difficulty in controlling the 
relative amplitude of deflection for the plate and stiffener.  
 
 
Direct Translation of Nodes 
 
Eigenmode superposition is a method of translating nodal coordinates prior to a nonlinear analysis by imposing scaled 
displacements to each node based on the prescribed patterns calculated in the Eigenvalue analysis. The direct node translation 
method works to the same principle, but rather than using Eigenmode shapes the imperfection is implemented directly using 
appropriate trigonometric functions. Direct node translation, using appropriate expressions, can be used to map both realistic 
and critical imperfection patterns into a finite element mesh of a stiffened panel. This is often achieved using external 
software linked to the NLFEM package (Zhang and Khan 2009).  
 
The main complication with the use of direct node translation is that the various parameters governing the expressions to 
define the imperfection shape must be defined to adequately represent the actual imperfection. In the unlikely event that 
actual imperfection measurement data of a hull is available, it can be analysed using regression techniques to give appropriate 
coefficients in the Fourier expansion formulas. However, more commonly, the actual imperfection information of the 
structure is not available in advance of the analysis. Therefore statistical imperfection patterns based on the knowledge of 
likely imperfection shapes and amplitudes must be used. Typical shapes and statistical amplitudes as previously defined can 
therefore be used directly on the mesh. 
 
The definition of imperfection shape thus becomes more complicated than the Eigenmode approach. This means that node 
translation is only feasible if realistic imperfection shapes in plates and stiffeners are well understood. Previous work by the 
authors (Dow and Smith 1984; Benson, Downes et al. 2011) and others (Paik, Thayamballi et al. 2004) has made much effort 
to rigorously define typical imperfection shapes which adequately represent the imperfection shapes found in actual ship 
structures. These provide realistic imperfection parameters for plates, stiffeners and panels within a hull girder structure.  
 
The practical methodology used to introduce imperfection into the mesh is also more complicated than the equivalent 
Eigenmode approach. If modelling simple structure, such as an unstiffened plate, node translation is relatively 
straightforward and can be completed using simple Fourier algorithms on all the nodal coordinates in the NLFEM input file. 
This can be completed using simple programming or even by using spread-sheet software. However, the node translation 
procedure is significantly more complicated if translation functions need to be applied to individual components of a complex 
geometry. For example, to apply a specific imperfection shape to a particular plate in the side shell of a hull girder cross 
section requires the following information: 
 
· The identifier (i.e. node number) of each node within the plate 
 
· The position and orientation of the plate in relation to the global axis system.  
 
· The direction of imperfection in adjacent plates to ensure continuity 
 
Furthermore, the plate imperfection may need to include a superposition of the localized plate distortion and the column 
distortion in the panel of which the plate is a part.  
 
The imperfection characteristics assigned to each plate and stiffener within a hull girder structure must only be applied to the 
nodes within the component. Automatic mesh programs included in most general purpose finite element software does not 
number nodes in a systematic manner consistent with the arrangement of the plates and stiffeners. Therefore, an additional 
technique must be employed to track the nodes within each plate and stiffener (in Abaqus the “Sets” parameter can be used 
for this purpose).  
 
In summary, the node translation approach is more robust than the Eigenmode approach for generating imperfections in a 
complex stiffened structure. However, due to the complexities highlighted above, the node translation approach requires a 
special purpose and rigorous methodology. An automated methodology capable of applying node translation to an arbitrarily 
defined structure is thus developed. 
   
Residual Stress 
 
Residual stress is the term used to describe the self-equilibrated internal stresses present in otherwise unloaded structural 
elements. Internal localised stress patterns are created when some or all areas of a structural member undergoes physical or 
thermal induced deformation, and is subsequently prevented from returning to its previous non deformed state. This creates a 
permanent, inhomogeneous deformation field in the structural member. 
 
Residual stress fields are generated in most metal structures and manufactured parts during construction (Stephens, Fatemi et 
al. 2001). For ship structure the most significant cause of residual stress is the welding process during fabrication (Sielski 
2007). 
 
For the purposes of numerical analysis, the residual stress field can be idealised into stress blocks with an abrupt 
discontinuity between the tensile and compressive zones. Measurement of residual stress by Paik et al. (2008), using a hole 
drilling procedure, shows that this idealisation matches reasonably to actual stress distributions. The residual stress pattern is 
two dimensional; with the longitudinal weld causing tensile stress in the x-direction and the transverse weld causing 
corresponding tensile stress in the y-direction.  The idealised residual stress pattern for an edge welded plate is illustrated in 
Figure 10.  
 
Figure 10: Idealised residual stress distribution with weld along all four edges (Paik and Thayamballi 2003). 
 
To ensure equilibrium over any plate cross section a relationship between the residual stress and the width of the tensile stress 
field is: 
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For a steel plate the tensile residual stress zone should usually be considered to be equal to or just less than the material yield 
stress. The width of the tensile zone depends on the level of heat input during welding. An empirical approach to estimate the 
compressive residual stress of steel plates is given by Smith et al. (Smith, Davidson et al. 1988), which can then be used in 
combination with [2] to calculate the tensile residual stress zone: 
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METHODOLOGY 
 
A general purpose methodology, executed using both internal ABAQUS scripts and external computer code, has been 
developed to automate much of the modelling process and incorporate the imperfection characteristics outlined in the 
previous section. The methodology applies equally well to flat panels and complete hull cross sections. The key steps in the 
methodology are as follows: 
 
1. Write a text “data file” containing details of each plate and stiffener in the model. Details include dimensions, 
Cartesian coordinate position, imperfection characteristics and residual stress zones of each component; 
 
   
2. Open a predefined “base” ABAQUS file, which contains building block component models (plates and stiffeners); 
 
3. Build the complete model by replicating each component from the data file and inserting into the global model 
assembly;  
 
4. Merge the geometric model, set boundary conditions and mesh the geometry. Output the model .inp file;  
 
5. Apply geometric imperfections to each component in the global model; 
 
6. Submit the model to the ABAQUS solver. 
 
Each of these steps is now addressed in turn.  
 
Steps 1 -3: Create component assembly 
 
A text data file containing all the information for each component is written in comma separated variable format. This file is 
easily editable by spread-sheet software such as Microsoft Excel, allowing accurate input of dimensions and coordinates 
information. All the data used in subsequent steps of the process is included in the data file and each component plate and 
stiffener is given a unique identifier (ID). Each component is assigned an ID within the NLFEM model corresponding to the 
ID in the data file. This enables continued tracking of all the nodes within each component, which is used in the 
implementation of geometric imperfections.  
 
Once the data file is complete, the complete geometry is built in ABAQUS using an automated script. This reads each line in 
the data file and creates an assembly from a library of component plate and stiffener parts. The library is expandable by the 
user if new types of components are required (for example different stiffener cross sections). Each component is specified 
with appropriate material properties, residual stress zones and other features as required.  
 
Once the component is dimensioned correctly, it is placed at a specified location within the ABAQUS assembly. Coordinates 
and orientation must be specified carefully in the data file to ensure the model is aligned correctly, using a Cartesian 
coordinate system as shown in Figure 11.  The edges of adjacent plates must match exactly, or else the final geometry will 
cause mismatches in the mesh. The ABAQUS coordinate system works to a precision of 1e-8.  
 
Figure 11: Plate positioning using the Cartesian coordinate system 
 
 
 
  
Step 4: Merge, mesh and output assembly  
Steps 1-3 build the longitudinal geometry in ABAQUS automatically. However, the transverse frames must be created 
manually, assigned suitable properties and then positioned accurately in the assembly. Once this is complete, the assembly of 
components (including the frames) is then merged to create a single entity.  
The merged geometry can then be meshed. The size of the mesh has a large influence on the overall speed of the solution, but 
also affects the accuracy and stability of the solver. Choosing an appropriate mesh type and size is therefore an important part 
of the model setup. The authors have found that 4 node shell elements (S4R) are usually most appropriate. The element size 
is chosen to ensure elements within the tensile residual stress zone are relatively square. An element length of 25mm is 
usually sufficient for this. Mesh regions in the tension portion of the hull cross section can be sized coarsely to improve the 
solution speed. An example mesh pattern for a frigate model to be tested in the sagging condition is shown in Figure 12. 
  
Figure 12: Dow frigate mesh pattern  
 
Figure 13: Hull girder boundary conditions (half model shown) 
The boundary conditions are specified as shown in Figure 13. The outer bays are required to allow the neutral axis position to 
shift due to buckling in the compressed portion of the girder. Therefore these outer bays are recommended to be over-sized to 
ensure buckling nucleates in the central portion of the model. Load is applied through rotation control at a reference point tied 
to a rigid body at one end of the test section. The opposite end is held rigid. This boundary system ensures pure bending 
moment in the test section. It is worth noting that the reference point does not need to be located at the neutral axis of the 
section.  
Once the assembly is completed, an ABAQUS submission file (.inp) is written. This contains the “perfect mesh” along with 
all associated information (including the boundary conditions, analysis steps, set information and material properties).  
End 2:  
Fixed End 1 Reference 
Point: Rotation 
Controlled 
End 1:  
Rigid Body Tie to 
Reference Point 
   
Step 5: Apply Geometric Imperfections 
 
To impose geometric imperfection by direct translation of nodes a simple procedure was developed. The procedure works 
separately to ABAQUS by taking the nodal coordinate information from the “perfect mesh” input file and writing a new 
“imperfect mesh” file suitable for submission to the ABAQUS solver. A summary of the method is now presented, followed 
by a description of the trigonometric functions used to describe the translation of each node in the model.  
The local imperfection characteristics of each component are dealt with first followed by the superimposed global 
characteristics of each pre-defined panel. The nodal coordinates of each component or panel listed in the data file are 
exported and translated so that the component zero point is positioned as shown in Figure 14. For each node a transformative 
set of equations are then applied to translate the original “flat panel” node coordinates to the “distorted panel” coordinates.  
The new nodal coordinates are written to the “imperfect mesh” input file.  
 
Figure 14: Panel coordinate system 
 
 
The new input file can be submitted to the ABAQUS solver via the command line. Alternatively, it can be imported into 
ABAQUS CAE for additional model parameters to be set, or for use as a subassembly in a complex multi panel structure. 
Other properties within the input file can also be edited by the external code including plate thicknesses and the residual 
stress distribution. This simplifies the generation of multiple input files in a parametric analysis.  
 
Descriptions of the transformative equations are now given, with the coordinate system as shown in Figure 14. In addition the 
following nomenclature is used: M = number of transverse frames; N = number of stiffeners; and n = number of imperfection 
modes applied in the Fourier expansion series. 
 
The plate out of plane deflection is applied using a Fourier series expansion formula coupled with a further sine wave 
function which determines the transverse distribution of the shape: 
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If the plate imperfection lobes are single direction (characteristic of hungry horse pattern imperfection) then the above 
equation is extended by specifying the imperfection is an absolute value: 
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To ensure that stiffener flanges are not also deformed by application of the above equation to every node, the program 
includes a limitation to only apply the equations to nodes lying at w = 0. The stiffener column deflection must be applied to 
all nodes in the panel, not just the stiffener nodes, as the deflection propagates throughout the plate width. The deflection 
follows a Fourier series sine wave shape with zero amplitude at each frame position. Thus: 
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If the stiffener column deflection is symmetric (Figure 8a) or asymmetric (Figure 8b), the stiffener deflection lobe alternates 
direction in each adjacent frame space. If the amplitude of the lobe in the stiffener direction, woc,S, is not equal to the 
amplitude of the lobe in the plate direction, woc,P, a scale factor FC can be defined where: 
 
 
S,ocCP,oc w.Fw =    
  
                          [7] 
 
This assumes that the imperfection in the stiffener direction is the larger and is equal to woc, which should be the more usual 
case.  
 
Therefore, [7] is extended to: 
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where FC = 1.0 for stiffener imperfection in the stiffener direction or as given in [1] for stiffener imperfection in the plate 
direction.  
 
The stiffener side deflection is a function of the stiffener height and can therefore be imposed on all nodes because the W 
coordinate of plate elements is zero, thus also making vs equal to zero.  
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The total deformed coordinates of the node (U’, V’, W’) are calculated by superimposing the relevant imperfection 
deflections as a simple summation: 
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Step 6: Submit to NLFEM Solver 
 
ABAQUS offers several solvers appropriate for this type of analysis, including two static methods (Newton Raphson and arc 
length) and a dynamic-explicit method. The arc length approach has proved robust for most panel analyses and some hull 
girder problems (Benson, Downes et al. 2011). However, in certain cases the arc length method has trouble converging when 
the solution nears the ultimate strength and thus becomes highly nonlinear. In these cases the dynamic-explicit solver has 
been found to give comparable results with better stability throughout the collapse simulation. Thus dynamic analysis is 
recommended for complex problems although it must be recognised that the solution time is sometimes significantly 
increased. Dynamic analysis requires very small time steps to ensure a quasi-static response with negligible mass inertia 
effects.  
 
The girder analyses presented in the next section have been completed using the dynamic-explicit solver.  
 
 
   
CASE STUDY – 1/3 SCALE FRIGATE MODEL 
 
Model Definition 
 
Several large scale physical model tests investigating hull girder bending of Naval vessels were carried out at the Admiralty 
Research Establishment, Dunfermline, in the 1980s. A single test result is detailed by Dow (1991) and has since proven a 
highly valuable resource. The experiment was conducted on a 1/3 scale prismatic ship section based on a Leander class 
frigate. The total length of the test model was 18 metres and consisted of five full compartments. The actual test section 
consisted of 4 bays in the central compartment between frames 42 and frame 46 (Figure 15). The structure surrounding the 
test section was built from high tensile steel and sized to ensure failure in the test section whilst maintaining the elastic 
neutral axis position in the support structure 
 
Only one moment/curvature test result is reported, with the girder placed under a sagging bending moment. In the subsequent 
test reports this was shown to correlate well with a theoretical prediction using the Smith progressive collapse method. 
Further analyses by several studies using interframe simplified methods (Paik, Kim et al. 2011) have also shown good 
agreement with the original test results.  
 
In addition to the experiment data, Dow (1991) details various theoretical calculations of the main strength deck, including an 
estimation of the overall grillage buckling strength using an orthotropic plate approach. These indicated that the likely mode 
of failure for the central compartment was overall. During the experiment the strength deck was observed to exhibit fairly 
large overall deflections consistent with the theoretical predictions. However, it was surmised that the overall buckling 
behaviour did not have a significant effect on the bending moment – curvature relationship. The theoretical progressive 
collapse calculations, which use an interframe methodology, appear to substantiate this finding because they show close 
agreement to the experimental results. It is of interest to investigate if compartment level NLFEM also corroborates this 
finding.  
 
Figure 15: Central compartment from 1/3 scale frigate hull girder 
 
The scantlings of the frigate model are taken from the original drawings. A detailed coordinate breakdown of the stiffener 
positions within the model is provided by Hughes and Paik (2010). The plating is predominantly 3mm thick except in the mid 
part of the main deck where the thickness is reduced to 2mm. All stringers are 38.1x1.8x14x3.3 tee bars. The hull bottom has 
several deep longitudinal tee bars.  The structure is relatively lightly framed with 63.5x2x50x5 tee bars in the main deck and 
side shell spaced at 457.2mm intervals. The material in the test section is steel with a yield stress of 245MPa and Young’s 
modulus of 207GPa. The support sections are high tensile steel with yield stress of 550MPa. 
 
 
Interframe Analysis 
 
An interframe strength model of the frigate under a sag bending moment is predicted using a ½ + 1 + ½ bay, half model 
NLFEM representation. This model provides the baseline result for comparison with other model extents and solutions. 
Average geometric imperfections and residual stresses are introduced using the automated procedure. The material stress-
strain relationship is idealised as bilinear, with 1% isotropic strain hardening in the plastic region. A tensile residual stress 
zone with magnitude 240MPa is modelled together with an equilibrating compressive zone. Geometric imperfection is only 
included in the central bay; outer bays remain perfect. This is to encourage nucleation of the collapse in the central bay.  An 
average element length of 25mm was found to be sufficient using several convergence analyses of different mesh seed sizes.  
Example magnified imperfection patterns are shown in Figure 16.  
  
 
Figure 16: Magnified geometric imperfections. Plate imperfection (left) and column imperfection (right) 
The resulting bending moment curvature plots are compared with the experimental result in Figure 17. In addition a 
deformed mesh plot of the ½+1+½ bay analysis is shown. The ½+1+½ bay solution shows reasonable correlation to the 
experimental curve. The initial stiffness matches the experiment up to about 80% of the ultimate strength. At this point the 
NLFEM results exhibit a transition with the bending moment stiffness reducing slightly. This is due to buckling of the top 
panel. The ultimate strength point is attained when the entire top deck and the side shell up to the first deep longitudinal have 
all failed. The NLFEM plot in Figure 17 demonstrates this characteristic.  
 
Figure 17: Interframe bending moment plot for the 1/3 scale frigate (left), FEM mesh plot at ultimate strength (right) 
Compartment Analysis 
The interframe analysis shows reasonable correlation to the experimental test. However, the interframe methods cannot 
assess whether the overall collapse mode observed in the main deck has a substantial effect on the progressive collapse 
behaviour. Therefore a compartment level theoretical analysis is also attempted. The NLFEM model is set up using the same 
principles as the interframe analysis. The model was sized as shown in Figure 15 to replicate the central compartment used in 
the actual experiment test. 
The resulting curvature plots are shown in Figure 18 together with a deformed mesh plot. The analysis shows the top deck 
failing with an overall collapse mode running across the test bays (from frame 42 to frame 46). This reduces the ultimate 
strength of the girder compared to the interframe NLFEM curve and produces a result with ultimate strength of about 85% of 
the experiment result. The curve shows a clear departure from an interframe type response to overall collapse, with a snap 
unloading followed by a second peak.  
A view of the internal structural distortion following collapse in the physical test and the equivalent NLFEM analysis is 
presented in Figure 19. This demonstrates a comparable buckling pattern in the numerical solution. Both views show that the 
top deck buckles overall in the test section, although the NLFEM plot shows buckling in the opposite direction. Buckling in 
the side shell is similar, with an interframe pattern. Buckling of the deep longitudinal midway down the side shell is also 
alike in both views. The plots further demonstrate that the NLFEM analysis provides reasonable and realistic characterisation 
  
of the actual failure. However, the bending moment plots significantly differ. The change in buckling mode shows a 
significant effect on the ultimate strength for the NLFEM analysis whereas it had a minimal effect in the actual experiment.  
Further analyses to quantify the effect of the various parameters used in the NLFEM analysis are on-going.  
 
Figure 18: 1/3 scale frigate bending moment plot (left), NLFEM plot with 5x displacement magnification (right) 
 
     
Figure 19: Internal view of test section after collapse from Dow (1991) (left) and NLFEM analysis (right) 
CONCLUSIONS 
This paper has proposed an automated NLFEM approach with capabilities for robust modelling of a complex hull girder 
section for interframe or compartment level progressive collapse analysis. The methodology allows the imperfection 
characteristics of the section to be accurately modelled using an automated script to introduce imperfections into the finite 
element mesh.  
The automated methodology has potential for improving NLFEM integration in a ship design process. The hull girder section 
is built using a simple data file describing all the plates and stiffener components in the longitudinally stiffened structure. 
This data file is comparable to equivalent simplified progressive collapse method (Smith method) input files and also to 
section modulus editors commonly found in commercial ship design software. Therefore, in this respect, the automation 
procedure significantly improves the usability of NLFEM in practical design situations by reducing the model build time and 
also giving a robust and repeatable methodology for introducing geometric and material imperfections into the mesh. 
However, as demonstrated by the case study, the results from NLFEM must still be treated very carefully to ensure the 
influence of the setup parameters are fully understood and to give improved confidence in the numerical solution.  
Although the methodology is currently used as a research tool, the authors are conducting further development with potential 
for integration into the design process, as well as further validating the NLFEM solutions with equivalent model test results. 
In particular, the NLFEM methodology is proving capable for validating developments of simplified progressive collapse 
methods.  
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